Invariant Natural Killer T (iNKT) Cells Prevent Autoimmunity, but Induce Pulmonary Inflammation in Cystic Fibrosis

Introduction
In the hereditary disease cystic fibrosis (CF) [1] , mutations in a gene encoding an epithelial cell membrane-located chloride channel, named cystic fibrosis transmembrane conductance regulator (human protein: CFTR, murine protein: Cftr) |2-4], negatively affect the physiology of several organs such as the lungs and intestines [1] .
CF lungs are characterized by chronic inflammation that may begin in individuals with CF as young as 4 weeks of age |5 -7] . Bronchiolar lavage samples from CF individuals revealed increased levels of inflammatory cytokines and neutrophils in airways prior to measurable colonization of bacteria [5] . Although infection clearly promotes pulmonary inflammation and CF patients suffer from recurrent lung infections [6] , studies on aborted foetuses support the presence of inflammation in CF airways independent of previous infection [7] . Further, the balance between pro-inflammatory and anti-inflammatory cytokines seems to be disturbed in cystic fibrosis lungs as shown in studies on Cftr-deficient mice that showed increased levels of keratinocyte chemoattractant (KC; mouse homolog of interleukin-8) and IL-1 even before infection and decreased levels of anti-inflammatory cytokines, in particular IL-10 [8] [9] [10] [11] [12] [13] [14] . The increased release of pro-inflammatory cytokines from Cftr-deficient epithelial cells correlated with a constitutive activation of nuclear factor (NF)-κB [8] . In humans as well as mice, the lung disease is also characterized by large numbers of peribronchial and intra-luminal neutrophils and macrophages that are present independently of infection with pathogenic bacteria [14] . The development of pulmonary inflammation seems to be slightly different in CF-pigs that develop infection first followed by pulmonary inflammation within a few months after birth [15] . At present, the molecular mechanisms driving the chronic inflammation in the CF-lung are unknown.
CFTR-deficiency has been shown to induce an accumulation of ceramide in lungs of CF patients and mice [16] [17] [18] [19] [20] [21] . Ceramide is an essential constituent of biological membranes and regulates many physiological cellular responses, including cell death [22] [23] [24] . Consequently, in lungs and intestines of people with CF and in CF mice, an increased rate of death of epithelial cells has been observed [16, 25, 26] . Increased cell death may lead to exposure of modified self-antigens [27] , triggering an autoreactive B cell-activation [28] and an immune response against antigens derived from dead cells.
Invariant NKT (iNKT) cells are a unique subset of T cells that express an invariant T cell receptor chain (Vα14-Jα18 segments in mice and Vα24-Jα18 segments in humans) associated with a biased ß chain [29] [30] [31] . They recognize glycolipid antigens in the context of CD1d, a non-polymorphic MHC class I-like molecule, which is highly conserved through mammalian evolution. iNKT cells have been shown to control autoreactive CD1d-positive B cells in a context with increased cell death using a mouse model for the autoimmune disease systemic lupus erythematosus (SLE) [29, 30, 32] . Reduced numbers of circulating iNKT cells [32] and increased autoantibody levels in patients with SLE support the notion that one of the functions of iNKT cells is to control autoreactive B cell activation triggered by cell death. Since localized spontaneous cell death occur in CF patients we decided to study iNKT cells in Cftr-deficient mice.
Here, we show that in CF mice the deficiency of functional Cftr provokes a significant increase of iNKT cells in the lung. Inhibition of ceramide production, and thereby cell death in CF lungs, abrogated the increase of iNKT cells in the tissue. Genetic deletion of iNKT cells in CF mice resulted in significantly elevated germinal center B cell and autoantibody levels, but on the other hand reduced the number of inflammatory cells, in particular macrophages and neutrophils, in CF lungs. This data indicates that the increased cell death mediated by ceramide in CF lungs results in an activation of iNKT cells that limit the activation of self-reactive B lymphocytes, but drive the recruitment of inflammatory cells to the lung tissue.
, syngenic to C57BL/6) were obtained from Burkhard Tümmler (Medizinische Hochschule Hannover, Germany). Wildtype littermates were used as controls. Apart from CF mice, experiments were performed using knockout mice with a deficiency in iNKT cells (Jα18 -/-), kindly provided by Stefan Kaufmann (MaxPlanck-Institute for Infection Biology in Berlin, Germany). These mice were originally developed by Masaru Taniguchi to specifically delete the Jα18 gene segment and thus prevent expression of invariant Vα14-Jα18 TCR [31, 32] . Additionally, to study the function of iNKT cells in CF disease, a double knockout mouse model was generated by crossing Cftr MHH with Jα18 -/-mice. The Cftr MHH -Jα18 -/-mice were established as a homozygous line in the vivarium of the University of Tübingen. To study the role of ceramide in Cftr KO mice were crossed with acid sphingomyelinase-deficient (gene symbol: Smpd1) mice to obtain Cftr KO /Smpd1
-/-mice that still express the human CFTR transgene under control of the fatty acid binding promoter. Mice were housed in isolator cages under pathogen-free conditions and routinely investigated for microbial infections by bacterial culturing and serology. All procedures performed on mice were approved by the regional council in Tübingen and conducted according to the German animal protection law.
FACS
We prepared single-cell suspensions of liver, lung, spleen and brain using routine methods. Erythrocytes were lysed and nonspecific binding blocked using anti-CD16/CD32 (BD Biosciences, San Diego, USA). We labeled iNKT cells specifically using PBS57-(an analogue of α-GalCer) loaded CD1d tetramer, kindly provided by the NIH Tetramer Core Facility of Emory University, Atlanta, USA, together with anti-TCRβ (BD Biosciences). Expression of activation and proliferation markers on iNKT cells was investigated using antibodies against CD69 and Ki-67 (both from BD Biosciences). Additionally we analyzed GC B cells using specific monoclonal antibodies against B220, CD95 and GL7 (BD Biosciences). For intracellular cytokine staining, single cell suspensions were cultured in complete medium for 5 h in the presence of PMA (10 ng/ ml), Ionomycin (250 ng/ml; both from Sigma-Aldrich, Deisenhofen, Germany) and 2 µl of Golgiplug (BD Biosciences). Extracellular proteins were then labelled, followed by fixation and permeabilization (Cytofix/ Cytoperm Plus Kit, BD Biosciences). Intracellular IFNγ and IL-17 were labelled and samples were analyzed on a FACS LSRII (BD, San Jose, USA), using the FACSDiva Software.
ELISA
Autoantibodies against dsDNA were investigated in serum and bronchoalveolar lavages of mouse strains using a previously published assay 29 . Furthermore, IFN-γ and IL-17 levels in iNKT cells of mouse lung tissues were assessed using Quantikine ELISA Kits (R&D, Minneapolis, USA) after stimulation with 1 µl α-GalCer (KRN7000 1 mg/ml; Avanti Polar Lipids, Alabaster, USA). BAFF levels were determined by a specific ELISA (Quantikine ELISA murine BAFF; R&D) in serum specimens of mouse strains.
Immunohistology
For determination of neutrophil and macrophage numbers in mouse lung tissues, 5 µm lung tissue sections were fixed on glass slides with acetone, rinsed with PBS-Tween (0.1%) and pre-incubated with normal goat serum, diluted 1:10 in PBS-Tween (0.1%). The sections were then incubated with monoclonal rat antibodies to mouse macrophages (CD68, Acris, Herford, Germany) or to neutrophils (clone 7/4, Acris), diluted 1:50 in PBS-Tween (0.1%), for 1 h at room temperature. After washing with PBS-Tween (0.1%), the sections were incubated with a 1:100 dilution of Cy2-conjugated goat anti-rat IgG (Dianova, Hamburg, Germany) for 1 h at room temperature, followed by three washing steps with PBS-Tween (0.1%). Additionally, cell nuclei were stained with DAPI (1 mg/ml; Sigma-Aldrich, Hamburg, Germany), diluted 1:500 in PBSTween (0.1%) for 5 min. The samples were washed and covered with fluorescence mounting medium. For quantitative determination, four sections of every lung lobe were examined and fluorescently labeled cells were counted in an image area of 340 x 270 µm 2 (magnification: x400) with an Axioplan microscope (Zeiss, Jena, Germany).
To visualize B and iNKT cells in mouse spleens and lungs confocal microscopy was used. Therefore fresh mouse lungs were filled with liquid 5% agarose just before harvest. Both mouse lungs and spleens were harvested and immediately placed in 5% agarose blocks for sectioning. Tissue was cut into 200 µm thick sections using a Leica VT1000S vibrating microtome. Tissue antibody staining was performed on ice for 60 minutes with the exception of α-GalCer CD1d tetramer labeling which was performed at room temperature for 30 min prior to staining with other antibodies on ice and analysis by confocal microscopy (Leica TCS SP5). Surface antibody staining included B220-PacBlue, GL7-FITC or -APC and α-GalCer-loaded CD1d tetramer (provided by NIH Tetramer Core Facility). Sections were blocked in PBS plus 2% BSA and 5% normal mouse serum for 60 min prior to specific antibody staining.
Additionally, we performed the TUNEL assay in mouse lung tissues using the In Situ Cell Death Detection Kit from Roche (Mannheim, Germany).
Adoptive transfer of iNKT cells
For adoptive iNKT cell transfer, untouched iNKT cells were enriched from liver and spleen of Vα14-Cα -/-mice by magnetic activated cell sorting using the MidiMACS Separator (Miltenyi Biotech, Bergisch Gladbach, Germany). Negative selection was performed by depletion of B220 -/-mice were sacrificed and cells from liver, lung and spleen were isolated and stained for FACS analysis. Animals injected with PBS were used as negative controls.
Statistical analysis
Data, which were normally distributed, were analyzed using the Student's t test or one-way Anova followed by Bonferroni's test. Results with inhomogeneous variances in the Student's t test were analyzed using the non-parametric Mann-Whitney test or Kruskal-Wallis test followed by Dunn's multiple comparison test. A p value of 0.05 or less was considered significant.
Results
Inducible NKT cells are elevated in cystic fibrosis mice
Since a link has been established between cell death, iNKT cells and autoimmune disease [29] [30] [31] , we tested how iNKT cells respond to increased apoptosis and cell death in CF mice. We employed two CF mouse strains (on C57BL/6 background) and the appropriate wildtype littermates. Cftr-KO carry a null mutation caused by introducing a stop codon in exon 10 and thereby leading to disruption of the cftr gene [33] . In addition, these mice express human CFTR in the gut epithelium under control of a fatty acid binding protein (FABP) promoter, which prevents acute intestinal obstruction. Thus, these mice lack Cftr in all tissues except the intestine. B6.129P2(CF/3)-Cftr TgH(neoim)Hgu (abbreviated Cftr MHH , syngenic to C57BL/6) were generated by insertional mutagenesis targeted to exon 10 of the cftr gene and backcrossing to a C57BL/6 inbred strain to obtain congenic mice [34] . These mice have a residual activity of Cftr in the gut allowing to feed them with a normal diet. All mice were housed in a clean environment devoid of microbial infections. ), increased iNKT cell numbers in the lung compared to controls, were observed by FACS analysis using a mouse specific glycolipid-loaded tetramer allowing to specifically detect iNKT cells (Fig. 1a-c) . As specificity controls, we used Cftr MHH mice crossed with Jα18 -/-mice, lacking the Jα18 segment used by the semi-invariant iNKT cell receptor [32] and, therefore, Cftr
MHH -Jα18
-/-mice do not produce iNKT cells (Fig. 1c) . The link between Cftr-deficiency and iNKT cell accumulation is further supported by the finding that Cftr-deficient mice also showed increased iNKT numbers in splenocytes that express Cftr, while they did not accumulate iNKT cells in the liver, where Cftr is not expressed ( 
MHH -
Jα18
-/-mice (A). Dead cells (red-stained nuclei) were dispersed in the mucosa of large and medium-sized
Siegmann et al: iNKT Cells in Cystic Fibrosis
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry strains (Fig. 3a) . Consistent with this data, the B-cell activation factor from the tumor necrosis factor family (BAFF) [37] , a factor that is mainly produced by neutrophils, monocytes and macrophages and is important for B cell survival, was increased in serum samples of Cftr
MHH -
Jα18
-/-mice, but not in the other mouse strains (Fig. 3b) . Confocal images of spleens revealed enlarged, but defined germinal centers in Jα18 -/-mice (Fig. 3c ) as compared to enlarged but diffuse germinal centers in Cftr
-/- (Fig. 3c ) and normal small, rare germinal centers in unmanipulated wild type and Cftr MHH mice (Fig. 3c) . This was also reflected in the confocal images of lung tissues, in which we found more cellular infiltrates of germinal center B cells among other cells in Cftr
-/-mice ( Fig. 3c ) as compared to relatively acellular lungs in wild type, Jα18
-/-and CftrMHH mice (Fig. 3c ).
Next, we assessed whether adoptively transferred iNKT cells into CftrMHH-Jα18
-/-mice reduce markers of autoimmunity. The number of germinal center B cells was significantly reduced in lung and spleen of CftrMHH-Jα18 -/-mice treated with iNKT cells compared to untreated controls (Fig. 4a) . Furthermore, serum IgG anti-DNA levels were significantly reduced in CftrMHH-Jα18 -/-mice after iNKT cell transfer compared to controls (Fig. 4a ). These findings demonstrate that repopulation of iNKT cells reduces autoreactive B cell parameters, such as numbers of germinal center B cells and serum autoantibody levels and support previous results of an iNKT cell transfer in a mouse model of SLE [29] .
To gain insight into the mechanisms, how Cftr-deficiency mediates an autoimmune response, we used Cftr KO Smpd1 -/-mice. Heterozygosity of the acid sphingomyelinase in Cftr KO mice normalizes ceramide levels in the lung, trachea and intestine of CF mice and thereby normalizes cell death in CF airways [16] . Our data confirm this previously published notion [16] and show increased cell death in CF and Cftr MHH -Jα18 -/-mice, which was normalized by deficiency of the acid sphingomyelinase in Cftr KO Smpd1 -/-mice (Fig. 4b) . Consistent with the induction of iNKT cells by ceramide-mediated cell death, the comparison of Cftr KO Smpd1
-/-mice with CF-mice revealed very low iNKT cell levels in the lung (Fig. 4c and Fig. 1 b) , low levels of germinal center B cells (Fig. 4d and Fig. 3a) , and low serum autoantibody titers ( Fig. 4e and Fig. 2a) . The values of these parameters in Cftr KO Smpd1 -/-mice did not differ from that in wildtype (Figs. 1b, 2a and 3a) or Smpd1 -/-mice (Figs. 4c-e) , demonstrating that the autoreactive germinal center B cell response in CF mice is a consequence of ceramide accumulation in CF tissues and possibly ceramide-induced cell death caused by the Cftr mutation.
iNKT cells recruit macrophages and neutrophils to lung tissues of cystic fibrosis deficient mice iNKT cells have pleiotropic functions in innate immunity and upon recognition of endogenous ligands may produce massive amounts of cytokines such as IFN-γ, TNF-α or IL-17 [38, 39] . IL-17 is a strong chemoattractant for neutrophils, which accumulate in lung tissues of uninfected CF mice. We therefore sought to characterize the phenotype of the increased iNKT cell population in different organs of Cftr MHH mice by ELISA and FACS. To this end, iNKT cells were obtained from lungs and spleens of Cftr MHH mice or wildtype mice using tetramer technology, stimulated ex vivo with PMA/Ionomycin and the percentage of iNKT cells producing IFN-γ or IL-17 was determined. The results show that iNKT cells from CF mice produced significantly less IFN-γ than cells obtained from wild type mice (Fig. 5a) , KO Smpd1 -/-mice exhibit reduced iNKT cell numbers and decreased germinal center B cell numbers. Lymphocytes were isolated from lung, spleen and liver of Cftr KO Smpd1 -/-and Smpd1 -/-mice and iNKT and B cells were analyzed as in Fig. 1a and 2a (Kruskal-Wallis test) . (e) Serum IgG anti-DNA levels of Cftr KO Smpd1 -/-mice were measured by ELISA. Values represent individual mice (n=3-9) and the mean is given by the horizontal line (Mann-Whitney test). while the percentage of iNKT cells producing IL-17 were significantly increased in iNKT cells from lungs of Cftr MHH mice (Fig. 5a ). Likewise, in response to α-GalCer stimulation, iNKT cells produced significantly less IFN-γ and a trend towards increased IL-17 production compared to wild type mice was observed in Cftr MHH mouse lungs (Fig. 5a ). Further analysis revealed that two different iNKT cell subpopulations are present in Cftr MHH mice, which produce either IL-17 or IFN-γ (Fig. 5b) . The large majority of IL-17 producing iNKT cells were positive for the transcription factor ROR-γt (Fig. 5b) , which directs the differentiation of proinflammatory IL-17-positive T-lymphocytes, while negative for CD4 (Fig. 5b) . This data establishes a predominantly IL-17 producing iNKT cell subpopulation in CF mice.
To investigate the significance of iNKT cell accumulation in the lung, we tested whether iNKT cells are involved in the accumulation of macrophages (Fig. 5c) -/-mice (Fig. 5c ).
Discussion
Pleiotropic functions have been attributed to iNKT cells in human diseases [29, 30, 38, 39] . Here, we demonstrate that iNKT cells suppress autoimmunity in mice with the hereditary disease cystic fibrosis, characterized by mutations in the Cftr gene, encoding an epithelial chloride channel [1] . Although the control of the auto-immune response is beneficial, the accumulation of iNKT cells results in detrimental recruitment of macrophages and neutrophils into the lung that mediate the chronic inflammation seen in CF patients.
This notion is based on the following lines of evidence: (a) In Cftr-deficient mice iNKT cells accumulate in tissue where Cftr-deficiency leads to increased cell death. (b) Cftr
MHH -
Jα18
-/-mice revealed elevated levels of anti-DNA antibodies compared to control mouse strains. The increase in IgG3 anti-DNA may indicate a role for the splenic marginal zone B (MZB) cell population, a B cell pool known to rapidly produce IgG3 and to contain autoreactive clones [40] . -/-mice but not in the other mouse strains. This cytokine promotes survival of self-reactive B cell clones leading to autoimmunity, and elevated serum BAFF levels have been detected in some patients suffering from various autoimmune conditions [37] . (e) Prevention of autoantibody production by autoreactive B cells in CF is linked to iNKT cell accumulation in various organs affected by mutated Cftr: In two CF mouse strains iNKT cell levels increased rapidly after birth leading to sustained high cell levels. (f) Depletion of iNKT cells normalizes the number of macrophages and neutrophils in the lungs of CF mice. Cumulatively, these data demonstrate that iNKT cells prevent autoimmunity in CF mice, but trigger inflammation in the lung. Taken together this proposes a model where local cell death leads to the recruitment of iNKT cells that control the activation of autoreactive B cells as well as the recruitment of innate phagocytic cells. This could be favourably in the context of acute cell death, but during chronic exposure the chronically activated iNKT cells seem to promote inflammation.
The molecules that trigger iNKT cell accumulation remain elusive and may involve direct recognition of cell death antigens by iNKT cells or indirect recognition via CD1d expressing autoreactive B cells, other antigen-presenting cells such as plasmacytoid dentritic cells and macrophages, or T cells [29] .
During chronic stimulation iNKT cells may differentiate into various subpopulations, which are characterized by specific cytokine expression. In Cftr MHH mice we detected a large proportion of IL-17 or IFN-γ producing iNKT cells in lungs. The dominating IL-17 producing iNKT cell population has previously been linked to neutrophil recruitment [38] . Here we show that neutrophil influx into lung tissues of Cftr MHH mice is partially dependent on iNKT cells, while macrophage influx is completely dependent on iNKT cells. We hypothesize that the influx of professional phagocytes is needed to clear dead cells and debris. During chronic exposure to dead cells the iNKT triggered macrophage influx instead results in lung inflammation, which is a typical and important feature of CF.
Several studies in humans and mice suggest a chronic inflammation in the lung as one of the earliest changes in CF even prior to infection [5] [6] [7] . Chronic inflammation is considered to be one of the key changes in CF lungs and is critical for the development of lung disease and pulmonary infection. Studies on aborted fetuses [5] show an increase of inflammatory molecules such as un upregulation of ICAM-1 and cyclooxygenase 2 (COX-2) in bronchial epithelial cells of CF fetuses, increased Gro-γ-expression in CF-fetus´ lungs, in particular in monocytes and endothelial cells and increased metalloprotease-1 (MMP) activity in the cartilage of these airways indicating an inflammation prior to exposure to infective pathogens. The study further shows that even in the lungs of these CF-fetuses NFκB is already activated as indicated by a nuclear translocation of the p65 subunit.
Here we provide a new concept how inflammation in the lung of CF patients is initiated, i.e. the accumulation of iNKT cells to control autoimmune disease, which is achieved for the price of chronic inflammation. Our data further suggest that reduction of ceramide will ultimately also reduce inflammation in the lung by normalising the high rate of cell death in bronchial epithelial cells. Such a reduction of ceramide might be achieved with the functional acid sphingomyelinase inhibitor amitriptyline, which reduces activity of the acid sphingomyelinase and normalizes ceramide levels and cell death of epithelial cells in CF mice [16] . Treatment with amitriptyline also normalized inflammation in the lungs of CF mice and, most importantly improved lung function in CF patients [16, 41] consistent with the present studies that used a genetic approach to target the acid sphingomyelinase in CF mice.
In summary, our results demonstrate a novel pathophysiological autoimmune mechanism, which links abnormal cell death in CF tissues to iNKT cell upregulation and lung inflammation in a mouse model of CF.
